The Xpert MTB/RIF (Xpert) assay permits rapid near-patient detection of Mycobacterium tuberculosis in sputum; however, the test sensitivity remains suboptimal in paucibacillary specimens that are negative for acid-fast bacilli using smear microscopy. Xpert testing includes dilution with sample reagent, and when processed sputum pellets are tested, the recommended sample reagent/pellet ratio is 3:1. We evaluated whether a decreased sample reagent/pellet ratio of 2:1 increased Xpert sensitivity compared to the recommended 3:1. The limit of detection was determined by inoculating serial dilutions of M. tuberculosis into sputum samples, preparing sputum pellets, and testing each pellet by Xpert at both sample reagent ratios. Processed sputum pellets obtained from M. tuberculosis culture-positive clinical specimens were also tested by Xpert at both ratios. Among spiked sputum pellets, the limit of detection was 1,478 CFU/ml (95% confidence interval [CI], 1,211 to 1,943) at a 3:1 ratio and decreased to 832 CFU/ml (95% CI, 671 to 1,134) at 2:1. The proportion of specimens in which M. tuberculosis was detected was greater at 2:1 than at 3:1 for almost all numbers of CFU/ml; this difference was most prominent at lower numbers of CFU/ml. Among 134 concentrated sputum pellets from the clinical study, the sensitivity of Xpert at 2:1 was greater than at 3:1 overall (80% versus 72%; P ‫؍‬ 0.03) and for smear-negative specimens (67% versus 58%; P ‫؍‬ 0.12). For Xpert testing of sputum pellets, using a lower sample reagent/pellet ratio increased M. tuberculosis detection, especially for paucibacillary specimens. Our study supports use of a 2:1 sample reagent/pellet dilution for Xpert testing of sputum pellets.
A major challenge to the reduction of the global burden of tuberculosis (TB) (1) has been the poor sensitivity and timeliness of conventional diagnostic tests, such as smear microscopy and mycobacterial culture. The Xpert MTB/RIF (Xpert) assay is a PCR-based diagnostic that detects Mycobacterium tuberculosis and rifampin (RIF) resistance within 2 h (2). Xpert was endorsed by the WHO in December 2010 for use in high-burden countries and is the first rapid near-point-of-care diagnostic to be widely implemented in TB-endemic settings (3) . In clinical studies among adults, the sensitivity of the Xpert assay was 95 to 100% in smearpositive, culture-positive TB cases and 43 to 100% in smear-negative, culture-positive TB cases; specificity was 99 to 100% (2, (4) (5) (6) .
The Xpert assay procedure for the detection of M. tuberculosis from sputum has been well described (2, 5) . In brief, the sputum sample is mixed with a "sample reagent" (SR) that is used to liquefy the sample, reduce biohazard, and inactivate PCR inhibitors. Two milliliters of the mixture is placed into the Xpert cartridge, and the cartridge is inserted into the GeneXpert instrument, where fully automated PCR is completed to detect both M. tuberculosis and RIF resistance (2, 5) . An estimate of the M. tuberculosis concentration in the sample is provided by the threshold cycle (C t ), which is the number of PCR cycles required to obtain a positive result (a lower C t means a higher burden of M. tuberculosis). The Xpert can be performed on either raw, unprocessed sputa or concentrated sputum pellets obtained after the sputum is liquefied and decontaminated with N-acetyl cysteine-NaOH, followed by centrifugation. The sensitivities of the Xpert assay performed on raw sputum samples and sputum pellet samples have been reported to be similar (5, 7) . The Xpert assay package insert recommends that raw sputum should be diluted with SR at a ratio of 2:1 (SR/sample) and that concentrated sputum pellets should be diluted with SR at a ratio of 3:1 (8) .
To our knowledge, no studies have examined the effect of the SR/sputum ratio on Xpert sensitivity. It is therefore unknown whether the increased (i.e., 3:1) SR/sputum ratio recommended when pellets are tested reduces assay sensitivity by overdilution of the sample or direct inhibition by the higher SR concentration in the tested specimen. Here, we present analytical and clinical data comparing the Xpert assay yield for sputum pellets diluted 3:1 versus 2:1 with SR. The overall aim of this analysis was to determine whether using a lower ratio of SR to sputum pellets (2:1 compared with the currently recommended 3:1 ratio) would improve Xpert detection of M. tuberculosis in sputum pellets.
MATERIALS AND METHODS
Analytic study. (i) M. tuberculosis strains and culture methods. The M. tuberculosis strain H37Rv used in all the experiments was obtained from the American Tissue Culture Collection (ATCC), Manassas, VA. The cells were grown in Middlebrook 7H9 (Difco, USA) liquid medium supplemented with 10% oleic acid-albumin-dextrose-catalase (OADC), 0.05% Tween 80, and 0.5% glycerol and incubated at 37°C until they reached an optical density at 550 nm (OD 550 ) of 0.6 to 0.8. The cultures were aliquoted and stored at Ϫ80°C. The number of CFU per milliliter of stock solution was estimated by plating serial dilutions on Middlebrook 7H10 agar and incubating them for at least 21 days at 37°C. For all experiments, frozen stocks were either sonicated or vortexed for 1 to 2 min before making serial dilutions in 7H9 medium. Analytical studies that required the addition of known numbers of M. tuberculosis CFU into tuberculosisnegative sputum were performed with sputa obtained from SeraCare Life Sciences, Milford, MA.
(ii) LOD. The limit of detection (LOD) for the assay at both dilutions was defined as the minimum concentration (CFU/ml) at which 95% of the samples tested positive. To determine the LOD, known concentrations of M. tuberculosis were prepared from previously quantified frozen stocks of M. tuberculosis H37Rv and were added to 3-ml aliquots of SeraCare sputum samples. The samples were tested with 20 replicates at the following concentrations: 0, 75, 150, 300, 600, 1,000, 1,500, 2,000, and 3,000 CFU/ml. Two milliliters of concentrated sputum pellet was made from each 3-ml sample following the BBL MycoPrep Specimen Digestion/ Decontamination kit protocol (9) . Each sputum pellet was split and tested at both 2:1 and 3:1 SR/sample dilutions. To prepare the 3:1 dilutions, 1.5 ml SR was mixed with 500 l sample. To prepare the 2:1 dilutions, 1.3 ml SR was mixed with 650 l sample. Both were incubated for 15 min at room temperature, and the entire final volume of sample (2 ml) was loaded into the Xpert cartridge and placed into the Xpert machine for automated PCR detection of M. tuberculosis and RIF resistance. To determine the LOD for each SR dilution, we repeated this procedure 20 times at each CFU concentration and recorded the number of times that the Xpert assay was positive for M. tuberculosis at each CFU concentration.
Clinical study. (i) Design and specimens. The clinical study described here used samples collected as part of a previously described multicenter prospective diagnostic-accuracy study of a urine lipoarabinomannan (LAM) test for tuberculosis (referred to here as the parent study) (10) . Subjects were recruited into the parent study from South Africa and Uganda from January to November 2011. Symptomatic outpatient and inpatient HIV-positive adults (Ն18 years old) suspected to have TB were eligible for participation in the study. Subjects were excluded if they had received more than 2 days of antituberculosis treatment within 60 days prior to enrollment. After written informed consent, medical and demographic information was obtained and the subjects provided clinical specimens for laboratory testing, including two expectorated or induced sputum samples.
(ii) Substudy laboratory testing methods. All laboratory assessments completed as part of the parent study were described previously (10) . In this substudy, only samples tested at the Uganda laboratory site were included. Briefly, raw sputum specimens were smeared, stained, and graded for the presence of acid-fast bacilli (AFB) under microscopy using the Ziehl-Neelsen (ZN) staining method (11) . Smear examination followed the WHO scale for AFB smear grading. Raw samples were decontaminated using N-acetyl-L-cysteine-NaOH; 0.5 ml of the pellet was cultured with the Bactec MGIT (mycobacterial growth indicator tube) 960 system (Becton Dickinson, Franklin Lakes, NJ), and 0.2 ml was inoculated onto Lowenstein Jensen (LJ) medium. A concentrated fluorescent (CF) smear was made from the pellet, stained, and examined. Cultures were incubated at 37°C for up to 8 weeks (9) . A concentrated sputum sample with a total remaining volume of 1.8 ml was stored at Ϫ80°C for future use. The time to detection of culture growth on MGIT (time to a positive culture result [TTP]) was defined as the time elapsed from the date of culture inoculation to the date of detection of mycobacterial growth.
To compare the sensitivity of Xpert for the detection of M. tuberculosis from sputum pellets using the manufacturer's recommended (8) 3:1 SR/ pellet dilution versus a reduced dilution of 2:1, frozen samples were thawed to room temperature and vortexed for 15 s. Standard dilution volumes were used as recommended in the package insert (8) . For the standard 3:1 dilution, at least 0.5 ml of the total resuspended pellet and 1.5 ml of SR were added to a tube. For the experimental 2:1 dilution, 0.7 ml of resuspended sputum pellet and 1.4 ml of SR were added to a tube. The tubes were then shaken vigorously 10 to 20 times and incubated for 15 min at room temperature. After 5 to 10 min, the sample was shaken again 10 to 20 times until the samples were liquefied with no visible clumps of material. The remaining time of incubation was completed, and 2 ml of sample was then transferred into the Xpert cartridge and loaded into the automated Xpert instrument.
(iii) Statistical methods. Statistical comparisons of categorical and continuous variables were made using Pearson's chi-square test and the Wilcoxon-Mann-Whitney test, respectively. Smears were considered positive if graded 1ϩ, 2ϩ, or 3ϩ, as defined by the World Health Organization (11) . The first available specimen was defined as the first specimen collected from a subject that was LJ and/or MGIT culture positive for M. tuberculosis and tested by Xpert at both dilutions. Culture-positive specimens were excluded from analyses if not tested at both 3:1 and 2:1 dilutions. Sensitivity was calculated using MGIT and LJ culture as a composite reference standard wherein a specimen was considered M. tuberculosis positive if either culture was M. tuberculosis positive. Comparisons between sputum dilution ratios from paired samples were made using McNemar's test. Analyses were performed using SAS software version 9.3 (SAS Institute Inc., Cary, NC, USA). All P values reported are two sided, with statistical significance defined as a P value of Ͻ0.05.
Ethics statement. The parent clinical study was approved by the appropriate regulatory bodies as previously described (10) . Ethical approval for this substudy was obtained from the Uganda National Council for Science and Technology and the Institutional Review Boards at Johns Hopkins University, the Joint Clinical Research Centre (Kampala, Uganda), and New Jersey Medical School (NJMS).
RESULTS
Analytic study: effect of SR treatment ratios on LOD. We performed an analytic study to test the effects of the two SR ratios on the sensitivity of the Xpert assay (Fig. 1) . With the standard 3:1 SR-to-sputum pellet treatment ratio, the LOD was 1,478 CFU/ml (95% confidence interval [CI], 1,211 to 1,943). The LOD decreased to 832 CFU/ml (95% CI, 671 to 1,134) when the ratio was decreased to 2:1. The proportion of specimens in which M. tuber- culosis was detected was greater at 2:1 dilution than at 3:1 dilution at almost all CFU dilutions; this difference was most prominent at lower concentrations. None of the negative-control samples was positive for M. tuberculosis. There were no errors at 2:1 and 3 errors at 3:1 (P ϭ 0.25). There was one M. tuberculosis detected/ RIF resistance indeterminate result at 2:1 dilution and 9 M. tuberculosis detected/RIF resistance indeterminate results at 3:1 dilution (P ϭ 0.02).
Clinical substudy. (i) Clinical study participants.
Having identified a possible advantage of 2:1 over 3:1 SR treatment in the analytic study, we then performed a similar study using clinical sputum samples from known TB patients. Of the 506 subjects enrolled in the parent study, 5 were excluded because they did not produce any sputum samples. The remaining 501 subjects produced 957 sputum samples, of which 690 were culture negative for M. tuberculosis and therefore excluded from the analysis. Of the 267 sputum samples that were culture positive for M. tuberculosis, 101 were not tested at the two dilutions because of insufficient sample volume. Of the 166 remaining sputum samples that were tested at both dilutions, 32 subjects had two samples tested at each dilution. For this analysis we considered only the first specimen, resulting in a total of 134 subjects who were included in the comparison of Xpert M. tuberculosis detection in sputum pellets at a 2:1 versus a 3:1 SR/sputum pellet dilution.
A comparison of baseline study characteristics between subjects included in this substudy analysis and subjects enrolled in the parent study but excluded from this analysis (due to insufficient pellet volume) is provided in Table 1 . Compared with the excluded subjects, subjects included in this analysis had a lower median number of days to growth on culture by MGIT (P ϭ 0.02), and a larger proportion of included subjects had bilateral infiltrates on chest radiograph (P ϭ 0.01). A larger proportion of substudy subjects were positive by urine TB LAM test and had miliary infiltrates on chest radiograph; however, these differences did not reach statistical significance (P ϭ 0.07 for both).
(ii) Results of Xpert testing at 2:1 and 3:1 dilutions with sample reagent on clinical samples. There were no "invalid" or "error" Xpert results. The overall sensitivity of Xpert using 2:1 dilu- tion was 80% (107/134; 95% CI, 72% to 86%) versus 72% (97/134; 95% CI, 64% to 80%) using 3:1 dilution (P ϭ 0.03). Among 78 concentrated smear-negative specimens, sensitivity using 2:1 dilution was 67% (52/78; 95% CI, 55% to 77%) versus 58% (45/78; 95% CI, 46% to 69%) using 3:1 dilution (P ϭ 0.12) (Fig. 2) . Among all specimens, 14 were positive for M. tuberculosis at 2:1 dilution but negative at 3:1 dilution. Conversely, four specimens were positive for M. tuberculosis at 3:1 dilution but negative at 2:1 dilution (P ϭ 0.03). By each smear methodology, there were significantly more specimens with M. tuberculosis detected by Xpert at 2:1 dilution than at 3:1 among smear-negative specimens (P ϭ 0.049) and almost no difference in detection of M. tuberculosis by Xpert for smear-positive specimens (Table 2 and Fig. 2 ).
(iii) Relationship between Xpert results and time to positivity in liquid culture. The above-mentioned results suggest that the 2:1 SR treatment ratio would be most beneficial in sputum samples with low M. tuberculosis bacterial loads. Although we did not perform quantitative CFU plating of the clinical samples, we did record the TTP for each sputum sample, which has been used as an indication of the bacillary burden in clinical samples (12) (13) (14) . Of 134 samples tested in our study, three MGIT liquid cultures were contaminated with nonmycobacterial organisms and four were positive only for nontuberculous mycobacteria (these samples were confirmed to have M. tuberculosis by solid culture). For this analysis, they were excluded, leaving a total of 127 specimens with TTP results. As expected, specimens that were smear positive by either ZN and/or CF and/or positive by Xpert at either dilution were correlated with shorter TTP (i.e., higher burdens of mycobacteria; P Ͻ 0.0001 for each) ( Table 3) . As with smear status, the higher Xpert sensitivity associated with a lower dilution with SR (2:1 versus 3:1) was most apparent on samples with the longest TTP, indicating that the increased yield at lower SR dilution is greatest among paucibacillary samples (Fig. 3) .
DISCUSSION
We found that the sensitivity of Xpert tests on concentrated sputum pellets can be increased by decreasing the ratio of SR that is added to the sputum pellets from the recommended 3:1 to 2:1. The improvement in detection was greatest among specimens that had lower burdens of M. tuberculosis; this finding was consistent for nonclinical samples spiked with lower numbers of CFU/ml, as well as for clinical samples that were AFB smear negative and had greater TTP on MGIT culture. These findings support further Overdilution of clinical samples prior to Xpert testing could lead to a decreased concentration of M. tuberculosis bacilli in the Xpert cartridge and therefore lead to lower detection. In fact, lower sensitivity of Xpert for detection of M. tuberculosis has been reported for sputum samples that have been induced with saline than for those that were expectorated (13) , possibly because of sample dilution. In the Cepheid package insert (8) , clinical data are reported comparing Xpert sensitivity between 535 expectorated specimens and 234 induced specimens. There was no difference in sensitivity between AFB smear-positive induced versus expectorated specimens (sensitivity, 100% versus 99.6%, respectively). However, among AFB smear-negative subjects, Xpert had lower sensitivity among induced specimens than expectorated specimens (sensitivity, 40% versus 79%), though the numbers of induced samples tested were low. Similar to our findings, this suggests that the risk of saline induction causing a dilution of clinical specimens that affects detection of M. tuberculosis by Xpert may be greatest among paucibacillary specimens.
Another possible explanation for decreased yield in samples with higher SR/pellet ratios is that the SR material itself causes direct inhibition in the samples being tested. In general, SR is thought to inactivate PCR inhibitors (2, 8) and is not thought to inhibit the Xpert test at the recommended SR concentrations, but this possibility should be investigated in further studies.
Our findings are subject to several limitations. First, all clinical samples were obtained from HIV-positive patients who, especially those with advanced immunosuppression (15) , are more likely to be sputum AFB smear negative due to a higher frequency of noncavitary pulmonary disease (13) and lower bacterial burden (16) . Therefore, our results may not be relevant to HIV-negative patients, who have a higher burden of M. tuberculosis and whose sputum samples are more likely to be smear positive and to have a shorter time to growth on MGIT. Our analyses were performed only on culture-positive specimens, and our findings should be validated in subjects who are culture negative but have positive Xpert results and a clinical diagnosis of TB (defined by clinical response to anti-TB therapy).
In conclusion, we found an increase in Xpert detection of M. tuberculosis using a lower dilution of analytical samples and concentrated clinical sputum pellets with SR, especially among specimens with lower M. tuberculosis burdens. Although these findings should be investigated in larger studies, strong consideration should be given to revision of the manufacturer's suggested procedures for sample pretreatment. Increasing the detection of M. tuberculosis by Xpert is especially important in paucibacillary disease, where diagnosing TB is the most challenging.
